I. INTRODUCTION
Positron physics has gained considerable interest in recent years due to experimental advances that have allowed for more intense and monoenergetic positron beams (see [1] for a review). However, agreement among theoretical and experimental data obtained by different groups is still not particularly satisfactory, even for the total cross section (TCS) of simple targets [2] [3] [4] . Further improvements in scattering models and experimental techniques would thus be desirable.
Ethene is a small hydrocarbon (see Fig. 1 ) that has been the subject of several studies of low energy electron and positron collisions. In the case of electron interactions with ethene, there is a Ramsauer-Townsend minimum at around 0.1 eV and a π * shape resonance at around 2 eV in the elastic cross sections of the B 2g symmetry. In general, the comparison between the different calculations and experiments shows that they agree well with each other [6] . This molecule has also been used as a prototype to investigate the influence of polarization effects on the electronic excitation of low-lying triplet states [7] .
There are also experimental [8, 9] and theoretical [10] [11] [12] [13] studies addressing positron collisions with ethene. Although the experimental data agree relatively well for energies above ∼7 eV, they differ in magnitude for lower energies. Previous calculations reported by da Silva et al. [10, 13] pointed out the existence of a Ramsauer-Townsend minimum around 2 eV, and were in good agreement with the experimental data available at the time [9] . Occhigrossi and Gianturco [12] also reported elastic integral cross sections and annihilation parameter (Z eff ) estimates for positron collisions with ethene, although they did not discuss the Ramsauer-Townsend minimum.
In more recent studies, ethene was shown as a useful prototype system to understand the role of multiquantum vibrational excitations (combination vibrations and overtones) in resonant positron annihilation. Due to the many infrared (IR) inactive vibrations of the ethene molecule, positron attachment into bound or virtual states cannot be accounted for solely by the dipole interaction [14] (the dipole potential only couples IR active vibrations), and the inclusion of correlation-polarization effects would be essential to describe the resonance spectrum of ethene [15, 16] . As the comparison of calculated cross sections with experimental data is invaluable to assess the accuracy of polarization models, scattering studies may be helpful to improve the resonant annihilation models.
The present paper reports experimental total cross sections and theoretical elastic integral cross sections (ICS) for positron scattering by ethene. The experiment was based on a linear transmission technique [3] , covering the positron energies from 0.1 to 70 eV. The calculated fixed-nuclei elastic cross sections (not accounting for positronium formation) were obtained with the Schwinger multichannel method [17, 18] at very low collision energies, up to 10 eV. The description of polarization effects has been improved with respect to the previously reported calculations by da Silva et al. [10, 13] . The goal of this paper is to present a set of new results for this molecule and to provide a systematic comparison between the results available in the literature.
The remainder of this paper is organized as follows. In Sec. II we present the experimental details. Section III discusses the theoretical approach and the computational details employed in our calculations. The results are presented and discussed in Sec. IV, while a brief summary of our findings ends the paper.
II. EXPERIMENTAL DETAILS
The present measurements were carried out with a positron apparatus developed by Zecca and collaborators, which has already been described in detail in a previous paper [3] . Hence, FIG. 1. Geometrical structure of C 2 H 4 . Generated using MAC-MOLPLT [5] .
we just recall here that it is based on a linear transmission technique and that the positron beam is produced from a radioactive 22 Na isotope (activity of ∼1.4 mCi at the time of the present measurements), in conjunction with a 1 μm-thick tungsten moderator [19] and a set of electrostatic optics. As a standard practice, the moderator has been re-conditioned before measuring this target.
In our experiments the beam intensity is attenuated as a consequence of the incident positrons interacting (or not) with the ethene molecules, as described by the Beer-Lambert law:
According to Eq. (1) it is possible to determine the TCS of interest (σ ) from measurements of the positron beam count rate with and without the ethene gas in the scattering region (I 1 and I 0 , respectively). We also need to measure the pressure in the scattering cell with ethene routed to the scattering region, and then the pressure when ethene is diverted into the vacuum chamber [i.e., away from the scattering chamber (P 1 and P 0 , respectively)]. The temperature of the ethene gas in the scattering cell (T ) is measured by a platinum (PT100) resistance thermometer in thermal contact with the scattering chamber. The length of the scattering cell in our experimental configuration is L = 22.1 ± 0.1 mm. Finally, in Eq. (1), k is the Boltzmann constant. Several experimental precautions need to be taken when carrying out the measurements. These include minimizing double scattering events, a condition that is fulfilled by setting the target pressure in the scattering cell such that the beam attenuation (i.e., the ratio I 1 /I 0 ) is greater than 0.7. In addition, note that only a high-purity ethene source (>99.9% from BOC gases) was used throughout the present measurements. As a standard practice in our laboratory, in order to check for the validity of our techniques and procedures, before any experiment on a new target is started we make preliminary validation measurements using targets for which the positron scattering TCSs are considered well known. Such well-characterized systems might be drawn from the noble gases [20] [21] [22] and molecular nitrogen [3] .
When undertaking measurements at very low energies, like in the present study, it is crucial for the energy scale to be calibrated accurately. The zero for the incident positron energy scale was determined here with a retarding potential analysis (RPA) of the beam, without the target gas in the vacuum chamber, as outlined in [23] . We estimate the error on the energy scale to be ±0.05 eV in this case. The same RPA allows us to also measure the energy distribution of the beam [23] and thus its energy resolution. The energy width of the beam was found to be ∼0.25 eV (full width at half maximum) for these measurements, with an uncertainty of ±0.05 eV at most. As in all spectroscopies, our measured cross sections are actually the convolution of the "real TCSs" with the beam energy distribution. This physically means that, once corrected for this effect, the "real TCSs" should be somewhat larger in magnitude than what we measure. However, this correction is expected to be significant only at very low energies (below ∼0.5 eV), where the positron energy becomes comparable to the beam width itself.
The measured data also need to be corrected for some instrumental effects that inevitably affect the measurements, before they can be used in Eq. (1). For instance, the length of the scattering region (L) needs to be corrected to account for the increase in the positrons path length due to the gyration of the particles in the focusing axial magnetic field present in the scattering region. As the magnetic field was B ∼ 11 G in the present measurements, for positron energies between 0.1 and 32.5 eV, the value of L increased by 5.5%. For incident energies between 35 and 70 eV the magnetic field was decreased to B ∼ 4 G, and hence the increase in L was just 2%. In addition, the pressure measurements also need to be corrected to account for the thermal transpiration effect. In fact, the pressure readings were achieved with an MKS 627B capacitance manometer operating at 45
• C, whereas the ethene gas in the scattering cell was held at T = 64 ± 2
• C (note that the vacuum chamber was warmed during the measurements). In this case the thermal transpiration correction was made by following the semiempirical model of Takaishi and Sensui [24] and resulted in a maximum decrease in the absolute value of the TCS of ∼3%.
Like all scattering cell-based linear transmission experiments, the present experiment suffers from angular discrimination limitations. They stem from the inability of the detector to distinguish between the positrons that are elastically scattered at very forward angles from those of the primary (unscattered) beam. This effect results in the scattered positron count rate being somewhat overestimated, and therefore, the measured TCSs are somewhat smaller in magnitude than their "true values." At any given energy, the extent of the forward angle scattering effect depends on the angular discrimination of the apparatus and on the nature of the elastic differential cross sections (DCSs) for the target in question in this forward angle region [25] . From the geometry of the scattering and detection regions, the angular acceptance of the Trento apparatus is estimated to be θ ∼ 4
• [3] . This value compares favorably with that from the spectrometers at Wayne State University ( θ ∼ 16
• ) [26] , Yamaguchi University ( θ ∼ 7 • ), and Bielefeld University ( θ ∼ 5.7
• ) [8] , while it is close to that achieved at the Australian National University (see, e.g., [27] ). However, it is also known [28] that the gyration of the positrons can also potentially increase the angular discrimination error compared to the no-field case. Using some of the equations detailed in Kauppila et al. [26] , but for the typical conditions of our experiments, the energy-dependent angular discrimination to be associated with the gyration of the particles in the present apparatus was evaluated to vary between 17.5
• at 1 eV and 2.4
• at 50 eV positron energy (see Table 2 in Zecca et al. [3] ). These angular discrimination values, as a function of the positron energy, can then in principle be used in conjunction with the appropriate elastic DCSs, at the same energy, provided that these are known, to correct the measured TCSs for the forward angle scattering effect. This can be done by following the approach described, for instance, in Hamada and Sueoka [28] . In principle, such DCSs are available from our SMC-level calculations (see next section). However, given that our experimental TCS and the present computed elastic ICS agree only qualitatively, as we shall see later in our results and discussion section, at this time employing those DCSs in the manner outlined above might be a little premature and so we have in general not done so. Therefore, the TCSs we present here (see Table I ) are underestimated with respect to their "true values." Nonetheless, to illustrate the forward angle discrimination effect we have employed the theoretical elastic differential cross sections (see Sec. III) at 0.1, 0.5, 1, 5, and 10 eV (see Fig. 2 and Table II ) to obtain estimates of TCS corrections that we might expect at those energies. We find that the magnitude of the TCS we list in Table I increases by ∼39% at 0.1 eV, 16% at 0.5 eV, 12% at 1 eV, 4% at 5 eV, and 2% at 10 eV. Those corrected TCSs are also plotted in the lower panel of Fig. 3 , where we also see that the effect is clearly bigger at the lowest energy and becomes smaller as one goes to the higher energies. The present measurements on ethene span the energy range between 0.1-70 eV. The statistical uncertainties on the data amount to 2.3% on average, but were found to remain between 1.1% and 3.5% throughout the investigated energy range. Note that the largest errors are usually found at the lowest energies. This is associated with a decrease of the beam intensity when decreasing the positron energy. The overall uncertainties on the TCSs are estimated to be within the 5%-12% range. They originate from the quadrature combination of quantities like the statistical uncertainties, the uncertainty in the thermal transpiration corrections (<2%), the uncertainty in the value of the length of the scattering region and its correction for the effective positron path length (<3%), and the uncertainties in the pressure and temperature readings (<1% each). [8] ; squares (red), results from [9] ; dot-dashed line (magenta), ICS from [10] ; dashed line (orange), ICS from [12] . (Lower panel) Same as top panel, in a smaller scale, except that here we have also, at 0.1, 0.5, 1, 5, and 10 eV, included the present TCSs corrected for the forward angle scattering effect (using our theoretical differential cross sections), open circles (black). See text for discussion.
III. THEORY
The elastic cross sections were computed with the Schwinger multichannel method (SMC) [29] as implemented for positron-molecule collisions. This method has been described in detail in several publications [17, 18] , so here we will only discuss those points that are relevant to the present calculations.
The working expression for the scattering amplitude is
where
and
In the above equations, |S k i,f is a solution of the unperturbed Hamiltonian H 0 (the kinetic energy of the incoming positron plus the target Hamiltonian) and is a product of a target state and a plane wave, V is the interaction potential between the incident positron and the electrons and nuclei of the target, |χ m is a set of (N + 1)-particle configuration state functions (CSFs) used in the expansion of the trial scattering wave function,Ĥ = E − H is the collision energy minus the full Hamiltonian of the system (H = H 0 + V ), P is a projection operator onto the open-channel space defined by the target eigenfunctions, and G
(+)
P is the free-particle Green's function projected onto the P space. Finally Q = (1 1 − P ) is the projector onto the closed electronic channels of the target.
The direct space is composed by CSFs of the form,
where | 1 represents the ground state of the molecule obtained at the Hartree-Fock (HF) level and |ϕ j is a single-particle orbital used to expand the positron scattering orbital (see below). Polarization effects are incorporated by augmenting the direct space with CSFs of the closed space constructed as
where | i is obtained from virtual single excitations of the target out of the HF reference state. Our present calculations were performed in the static plus polarization approximation in the D 2h symmetry group. We used the ground-state equilibrium geometry of the ethene molecule given in Ref. [10] and the single-particle basis described in Ref. [30] , except for the p-type function on the hydrogens, whose exponent is 0.2 in the present calculations. The geometrical structure of C 2 H 4 is shown in Fig. 1 .
Polarization effects were taken into account through single excitations of the target from the hole (occupied) orbitals to a set of particle (unoccupied) orbitals. Here we considered the six outermost occupied orbitals as hole orbitals. To represent the particle orbitals we employed the 80 lowest improved virtual orbitals (IVOs) [31] . These IVOs, along with the eight occupied orbitals, were used as scattering orbitals. We thus obtained 6311 CSFs for the A g symmetry, 5963 CSFs for the B 3u symmetry, 4622 CSFs for the B 2u symmetry, 4280 CSFs for the B 1g symmetry, 6311 CSFs for the B 1u symmetry, 5963 CSFs for the B 2g symmetry, 4622 for the B 3g symmetry, and 4280 CSFs for the A u symmetry. The total of 42,352 CSFs is almost twice the number of CSFs employed in the previous calculation of Ref. [10] .
IV. RESULTS
The top panel of Fig. 3 shows our present experimental TCS and theoretical elastic ICS in comparison with the data from Sueoka and Mori [9] and from Floeder et al. [8] , as well as calculations from Sun et al. [11] , da Silva et al. [10] , and of Occhigrossi and Gianturco [12] . In this figure the threshold for positronium formation (P s ) of 3.7 eV and the first ionization potential (IP) of 10.5 eV [32] are indicated by vertical arrows.
The relationship between these two quantities is P s = IP − 6.8 (in eV). The opening of these scattering channels can be seen in the experimental data as changes in the slope of the total cross section in the proximity of these energies. None of the theories consider positronium formation explicitly. Hence, we do not expect very good agreement between our theoretical results and the experimental data above 3.7 eV. In fact, from Fig. 3 one can see that just above this energy the trend in the theoretical results start to deviate from the experimental data.
The lower panel of Fig. 3 shows a zoom of the top panel. This was considered necessary since the present theoretical results span a range of four orders of magnitude in energy and more than three orders of magnitude in cross section, while the experimental results cover a smaller energy and cross-section range. This figure shows that the experimental results generally agree well with each other above ∼7 eV. We see good accord between the present measurements and those of Floeder et al. [8] , within the combined total error bars (not plotted), even down to 5 eV. However, the present data and that of Sueoka and Mori [9] differ considerably at smaller energies (<7 eV), where our data presents a sharp increase in magnitude when compared to that earlier measurement. We believe that this discrepancy is mainly due to the different angular discrimination (which is energy dependent) of the experiments. As the Trento apparatus has a superior angular resolution [3] compared to that of the spectrometer used by Sueoka and Mori [9] (see Sec. II), the forward angle scattering error is smaller in the present study compared to that in the earlier experiment. It is noticeable that the measurements of Sueoka and Mori [9] show clearly the onset of the positronium channel, unlike our measurements. Both discrepancies can be explained if we take into account the lower angular resolution of the Japanese apparatus. This difference has already been noted in our previous papers [3, 33] . The two data sets can be brought into qualitative accord if we consider that the angular resolution error in the measurements of Sueoka and Mori increases towards the lower energies: The "non-positronium cross section" is depressed more than the positronium contribution in the range spanning 3.7-7 eV.
The low-energy behavior of the present experimental TCS is consistent with the trend in the theoretical curves present in the literature and with our most recent calculations. The current ICS agrees almost perfectly with the results from Occhigrossi and Gianturco [12] , lying between the current experiment and the data from Sueoka and Mori [9] , and being slightly higher than the previous calculations from da Silva et al. [10] . Our new ICS, however, becomes higher in magnitude than the present measurements at 0.4 eV. Although unexpected, this fact can be attributed to the energy convolution effect and forward angle scattering effect, leading to an underestimation of the experimental cross section.
The difference between the TCS and the elastic ICS from 0.5 to 3.7 eV (below the positronium channel threshold) could in principle arise from rovibrational excitations, not being taken into account in the theoretical calculations. For small molecules, the simple Born-dipole approximation provides fair estimates of 0 → 1 vibrational excitation cross sections for IR active modes [34] . Though not shown here, we obtained vibrational excitation cross sections for ethene in this fashion. As the molecule has a single strongly IR active vibration, namely the ν 7 mode withhω = 0.118 eV [35] , the vibrationally inelastic cross section, as obtained from the sum of 0 → 1 excitations of IR active modes, would provide a minor contribution to the TCS (∼2.5%) below the Ps formation threshold. However, the Born-dipole approximation cannot account for the vibrational couplings arising from virtual state formation. It is a well-known fact in the electron scattering community [36] , later also shown for positron scattering [37] , that vibrational excitation cross sections can be greatly enhanced at threshold due to the presence of a virtual state. Although no simple approximation would allow for a reliable description of this effect, one could expect significant vibrational excitation based on the one-to-one correspondence between resonances in the annihilation rate and in the vibrationally summed cross section discussed elsewhere [15] . As annihilation measurements for ethene [38] indicate the coupling of IR active and inactive modes, as well as overtones and combination modes, signatures of these vibrations should also be present in the scattering cross section. This could explain, at least in part, the difference between the measured TCS and the calculated elastic ICS at the lower energies.
The behavior of our measured and computed cross sections at very low energy is consistent with the presence of a virtual state, as was seen in [4] . We show in Fig. 4 the cross section for the A g symmetry of the D 2h group and the s-wave eigenphase. We also show the A g cross section of da Silva et al. [10] . Our present results clearly show the presence of a virtual state, indicated by a sharp increase of the cross section and by the s-wave eigenphase. According to the Levinson's theorem [39] , in an ideal scenario (virtual state at E = 0), as the energy goes to zero, the s-wave eigenphase should go to π/2. In real situations, the virtual state is slightly shifted from zero energy (into the negative imaginary axis of the complex momentum plane), such that the eigenphase drops to zero after approaching π/2, as E → 0 [40] . We calculated the scattering length with the procedure suggested by Morrison [41] and obtained the value of −47.76 a 0 (a 0 is the Bohr radius and 1a 0 = 0.52918 × 10 −10 m), which confirms the presence of a virtual state. This value is more than twice as large as the scattering length of −18.5 a 0 obtained by Ref. [42] , estimated from the data of da Silva et al. [10] . We also observe that the Ramsauer-Townsend minimum in the A g cross section is shifted to a higher energy compared to the previous calculation [10] . This is consistent with the improved description of polarization effects in the present calculation and can also be observed in the s-wave eigenphase, as it crosses zero at around 2.8 eV. This crossing is a result of the interaction potential between the positron and the target, which is a sum of the Coulomb (repulsive) and the polarization (attractive) potentials. At low energy, the polarization interaction dominates, and the positron feels a net attractive potential. As the energy increases, the Coulomb potential becomes more important, and the positron feels a net repulsive potential. As a consequence, the potential changes sign (crossing zero) when going from an attractive to a repulsive potential.
V. SUMMARY
We presented experimental and calculated cross sections for positron collisions with ethene. The current experimental total cross sections agree well with previous experimental data for energies above 7 eV. Below this energy some differences in magnitude are observed, as our current results greatly increase in value compared to the data of Sueoka and Mori [9] for lower energies. Such discrepancies can, however, be understood in terms of the superior angular discrimination of the Trento apparatus compared to that from the Japanese group. The calculated cross sections agree relatively well with the experimental data, and show a very good agreement with previous theoretical results. In particular, the elastic cross section shows the presence of a virtual state, consistent with the experimental observation at lower energies, and also of a Ramsauer-Townsend minimum at around 2.8 eV.
